The activities of seven enzymes which catalyse reactions of the tricarboxylic acid cycle were assayed in extracts of five lactaphilic and five glycophilic strains of acetic acid bacteria. Except for isocitrate dehydrogenase (which was not detected in glycophilic extracts) all other enzymes were found in all strains; but in general these enzymes were much more abundant in the lactaphilic extracts. In particular, extracts of glycophiles possessed only feeble citrate synthase, aconitate hydratase, fumarate hydratase and L-malate dehydrogenase activities and only their 2-oxoglutarate and succinate dehydrogenase activities were comparable to the corresponding activities in extracts of lactaphiles. Oxaloacetate decarboxylase activity was also greater in lactaphiles than in glycophiles. Two enzymes which oxidized L-malate were found: that in Acetobacter acidum-mwomm was an NADP-linked dehydrogenase, while the other more generally distributed enzyme required no added co-factors and may be cytochrome-linked. The evidence indicates that the tricarboxylic acid cycle may make a greater quantitative contribution to the metabolism of lactaphilic than to that of glycophilic organisms.
INTRODUCTION
There is nutritional and biochemical evidence for distinguishing two groups of acetic acid bacteria. Members of one group (the lactaphiles) have simple nutritional requirements, grow well on lactate and whole organisms oxidize intermediates of the tricarboxylic acid (TCA) cycle and effect reversible transamination between L-aspartate and 2-oxoglutarate. Members of the other group (the glycophiles) grow on glucose but not on lactate, have somewhat more complex nutritional requirements, and their ability to effect aspartate-2-oxoglutte transamination and to oxidize TCA cycle intermediates is poorly developed or absent (Rainbow & Mitson, 1953; Brown & Rainbow, 1956; Cooksey & Rainbow, 1962) . The lactaphiles and glycophiles thus distinguished correspond respectively to the genera Acetobucter and Acetomonas recognized by Leifson (1954) and by Shimwell (1958) on the criteria of flagellation and ability to oxidize acetate.
Prom their results, Cooksey & Rainbow (1962) suggested that the lactaphiles, but perhaps not the glycophiles, possessed an operative TCA cycle. The present work was designed to assess TCA cycle activity in acetic acid bacteria, as indicated by the individual activities of seven enzymes of the cycle in cell extracts, and so to test out this hypothesis. material was cooled continuously in a freezing mixture. The resultant suspension was centrifuged at 15,OOOg for 20min. at &5", yielding a pale reddish-brown supernatant fluid which was used for the enzyme assays. The protein content of this liquid was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) . For this determination, a solution of human plasma was used as a protein standard, the nitrogen content of this solution being determined by the microKj eldahl procedure.
Enzyme assays. The enzyme nomenclature used is that recommended in the Report of the Commission on Enzymes of the International Union of Biochemistry, Pergamon Press, 1961, but trivial names are used for the dehydrogenase systems studied, since the experimental results do not permit precise identification of the enzymes concerned. In all cases, enzyme activities were calculated from initial reaction velocities determined over a period when plots of amount of chemical change against time were linear. Spectrophotometric assays. These were done with the SP 500 quartz spectrophotometer (Unicam Ltd., Cambridge) or with the Cary recording spectrophotometer (Applied Physics Corporation, Monrovia, California). Fumarate hydratase ( Lmalate hydro-lyase, EC 4.2.1 .2) and aconitate hydratase [citrate (isocitrate) hydro-lyase, E C 4.2.1.31 activities were assayed by a method based on that of Racker (1950), depending on measurement of increase in extinction a t 240mp attendant on the conversion of L-malate to fumarate by fumarate hydratase and of citrate to cis-aconitate by aconitate hydratase. Citrate synthase (citrate oxaloacetate-lyase, EC 4.1 .3.6) and malate synthase (L-malate glyoxylate-lyase, EC 4.1.3.2) activities were determined by a method based on that applied for malate synthase activity by Dixon & Kornberg (1959) , in which progress of the reaction is followed by the fall in optical density at 232 m p attendant on the cleavage of the thioester bond of acetyl coenzyme A during reaction with oxaloacetate. The method was also applied to determine isocitrate lyase (L,-isocitrate glyoxylatelyase, EC 4.1.8.1) activity, the glyoxylate formed from isocitrate being converted to its phenylhydrazone, which was measured at 324 mp. L-Malate and 2-oxoglutarate dehydrogenase systems were assayed by measuring at 600 my the loss of colour on reduction of 2.6-dichlorophenol-i~dophenol (DCPIP; Sanadi & Littlefield, 1951) , and NADP-linked L-malate and isocitrate dehydrogenase systems by measurement of the increase in optical density at 340 mp on reduction of NADP (-0, 1955) .
Manometric msays. These were done with a conventional Warburg constantvolume respirometer technique. Succinate dehydrogenase activity and L-malate oxidation were assayed by measurement of oxygen uptake, the former with succinate as substrate in the presence of phenazine methosulphate as electron carrier (Singer & Kearney, 1957) and the latter with L-malate as substrate. Oxaloacetate decarboxylase (oxaloacetate carboxy-lyase, EC 4.1 .1. a) activity was measured in terms of rate of evolution of CO, from oxaloacetate.
Chromatography. Whatman No. 1 paper was used in conventional one-dimensional descending and ascending techniques. 0x0 acids were chromatographed as their 2&dinitrophenylhydrazones in an ascending system as described by Smith (1958). The position of the acids was indicated by a brown area on a pale brown background. (Table 1) show that activity was detected in extracts of glycophiles, but that the activity of all the lactaphiles far exceeded that of the most potent glycophile.
RESULTS

Citrate synthme activities
Acmitate hydratase and fmrnarate hydrdwe activities
Extracts of all the test strains possessed fumarate hydratase and aconitate hydratase activities, although those of the lactaphilic strains were considerably greater than those of glycophilic strains ( Table 2 ). The fumarate hydratase and aconitate hydratase activities of Acetobacter mobile, while feebler than those of other lactaphiles, nevertheless exceeded those of any glycophile. Extracts from A. rancens showed a broad optimum of fumarate hydratase activity over the range pH 7.2-7-6. Activity was partially inhibited by 0-001 M-malonate, 0-017 M-D-malate and by 0.01 nx-fluoride, but not by dialysis. In these properties, the enzyme resembled that prepared from other sources (Massey, 1958a, b) . The properties of the aconitate hydratase of A. rancerw resembled those of the mammalian enzyme (Morrison, 1954) in that activity was optimal over the range pH 7-0-7.6 and dialysis caused partial inhibition, which was annulled by addition of 0*003 M-Fe2+.
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Succinate dehydrogenase activities Table 3 shows that extracts of all test organisms possessed succinate dehydrogenase activity. In general, extracts of lactaphiles were more active than those of glycophiles, but the difference between the two groups was not great. Reactions were carried out a t 22" and pH 7.1 in 1 cm. quartz cuvettes containing, in a final volume of 1-5 ml.: cell extract; triS buffer (pH 7.1; 50 pmole); oxaloacetate (2 pmole); MgC1, (2 pmole); and acetyl coenzyme A (0.1 pmole), addition of which was used to start the reaction. Progress of the reaction was followed by fall in extinction a t 232 mp (Easr). Activity is given as pmole of scetyl coenzyme A hydrolysed/hr/mg. protein. The fall in E,,, on hydrolysis of 1 pmole of acetyl coenzyme A in 1.5 ml. of water is 3.0.
Protein added Fall in E23, Citrate synthase in 6 min. activity Extract Reactions were carried out at 22" and pH 7.0 in 1 cm. quartz cuvettes containing in a final volume of 3-0 ml.: cell extract; potassium phosphate buffer (pH 7.0; 50 pmole); and substrate (50 pmole). The reaction was started by addition of substrate (L-malate for fumarate hydratase or citrate for amnitate hydratase activity) and progress of the reaction was followed by increase in extinction a t 240 m p (Eado). Activity is given as ymoles of fumarate or cis-aconitate formed/hr/mg. protein. was detected over 10 min.
Isocitrate dehydrogewse activities Both NAD-and NADP-dependent isocitrate dehydrogenases were detected in extracts of lactaphiles, but neither was detected in those of glycophiles (Table 4) . However, the progress curve of the NADP-linked reaction was sigmoidal, the lag period, before maximum rate of reaction was attained, increasing with enzyme dilution. Consequently, failure to detect isocitrate dehydrogenation by extracts of glycophiles was not proof of its absence, although it did indicate that the amount of the enzyme in glycophilic extracts was indeed low, especially large amounts of protein having been added as extract in an attempt to detect it.
Malate-oxidizing enzymes
Several attempts to detect an NAD-dependent L-malate dehydrogenase failed, but an NADP-dependent enzyme was detected only in extracts of Acetobucter ncidum-mucosum with a high protein content (Table 4) . Maximum activity of this enzyme was observed at pH 7.0-7-5. Activity was inhibited by dialysis, but restored by addition of O.OoO3 x+s-Mn2+, and inhibited by 0-001 M-p-chloromercuribenzoate. Like isocitrate dehydrogenase, the progress curve for enzyme activity was sigmoidal, the length of the lag phase being diminished by using greater enzyme concentrations and by incubating the enzyme with L-malate before starting the Table 5 For L-malate dehydrogenase, reactions were carried out at 22" in 1 cm. quartz cuvettes containing in a final volume of 3-0 ml.: cell extract; tris buffer (pH 7-0; 100 pmole); L-malate (pH 7.0; 20 pmole); &SO, (1 pmole); 2-6 dichlorophenolindophenol (DCPIP, 0-1 pmole, added to s t a r t the reaction). For 2-oxoglutarate dehydrogenase, reactions were carried out as above, except that L-malate and tris buffer were replaced by 2-oxoglutarate (pH 7.0; 60 pmole) and phosphate buffer (pH 7.0; 100 pmole), &SO, was omitted and thiamine pyrophosphate (2 pmole) was added. The progress of the reactions was followed by measuring the difference in extinction a t 600 mp (EeOO) between Failure to detect a nicotinamide nucleotide-dependent malate-oxidizing system in strains other than Acetobuctm acidum-mucosum prompted a search for an alterna-tive hydrogen-acceptor for L-malate oxidation. Methylene blue, 2,8,5-trimethyltetrazolium chloride and neotetrazolium chloride failed in this role, but DCPIP was suitable for the dehydrogenation of both L-malate and of 2-oxoglutarate (see below). In experiments with L-malate, the same enzyme extracts were used as for the tests for NADP-linked L-malate dehydrogenase. Oxaloacetate was detected by paper chromatography as a reaction product and the enzyme was found in extracts of lactaphiles and of glycophiles, the former, with the exception of A. mobile, being richer in the enzyme (Table 5) . showed that L-malate oxidation was accompanied by uptake of oxygen (Table 6) , which was unaffected by addition of NAD, NADP or cytochrome c, but inhibited 90 yo by 0.001 M-cyanide. Guanidine (0.01 M), which in mammalian systems inhibits electron transfer between reduced nicotinamide nucleotides and cytochrome c (Hollunger, 1955) , did not inhibit the reaction. In similar experiments, isocitrate was not oxidized, even when NAD was added. The possibility that the oxidation of L-malate was mediated by cytochromes other than cytochrome c was indicated by the following experiment. An extract of A. d u mmwosum with a high protein content (10 mg./ml.) was shaken in air to ensure that all its cytochromes were in the oxidized state. A portion of this preparation was incubated with buffered L-malate (pH 7.1) and the absorption spectrum of the reaction mixture was plotted between 450 and 600 mp, using as reference solution the same reaction mixture fiorn which L-malate was omitted. The difference spectrum so obtained had peaks at 525 and 555 mp similar to those observed for the cytochromes of other acetic acid bacteria by Smith (1954) , King & Cheldelin (1956 ), Fewster (1958 and by Stouthamer (1961) . No difference spectrum was obtained when isocitrate was substituted for L-malate in the reaction mixture. Similar results were obtained with extracts of A. oxyduns. These results indicate that the aerobic oxidation of L-malate by extracts of acetic acid bacteria was accompanied by spectral changes suggestive of the formation of reduced cytochromes.
2-Oxoglutarate dehydrogenase activities
Oxidation of 2-oxoglutarate using DCPIP as hydrogen acceptor led to the formation of succinate, identified by paper chromatography. Extracts of all strains possessed a similar order of 2-oxoglutarate dehydrogenase activity ( Table 5 ). Reactions were carried out a t 22' and pH 6.85 in 1 cm. quartz cuvettes containing, in a final volume of 3.0 ml.: cell extract; phosphate buffer (pH 6.85, 200 pmole); DL-isocitrate (pH 6.85, 5 pmole); MgCl, (15 pmole); L-cystkine (pH 6-85, 6 pmole); and phenylhydrazine (10 pmole). Reactions were initiated by addition of cell extract and their progress followed by measurement of increase in extinction at 324 mp (Esa4) over that of a blank containing no substrate. Activity is given as pmole of glyoxylate producedlhrj mg. protein. The molar extinction coefficient of glyoxylate phenylhydrazone is 1.7 x 104 (Dixon & Kornberg, 1959 
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Oxaloacetate decarboxylase activities Because of its possible influence on assays of citrate synthase by the method of Ochoa et al. (1951) already mentioned, assays of oxaloacetate decarboxylase activities were done with freshly prepared bacterial extracts. Table 7 shows that extracts of lactaphiles were more active in decarboxylating oxaloacetate than were those of glycophiles. Action took place optimally at pH 5.6 and was stimulated by addition of Mn2+. Activity of the extracts diminished rapidly on storage even at -15'.
Isocitrate lyase and malate qpthase divities These enzyme activities were tested by the methods of Dixon & Kornberg (1959). The results (Table 8 ) show that extracts of lactaphiles, but not of glycophiles, possessed isocitrate lyase activity. Malate synthase activity was not detected in extracts of either lactaphiles or glycophiles, although an extract prepared from a strain of Acetobacter aceti grown on Hoyer's ethanol+inorganic salts medium (Frateur, 1950) had an activity of 67 pmoles malate synthesized/hr/mg. protein.
The organisms used in the present work grew, at best, only feebly on the culture medium when acetate replaced glucose and lactate as energy source, although Brown & Rainbow (1956) found that acetate could stimulate growth of lactaphiles in a casein hydrolysate medium. The lack of malate synthase in organisms grown in glucose+lactate may well be the reason why our lactaphiles did not grow on ethanol or acetate as sole carbon source (Brown & Rainbow, 1956 ). Acetobacter aceti, however, possesses both malate synthase (see above) and isocitrate lyase (Smith & Gunsalus, 1955) and therefore grows on acetate as sole carbon source (Frateur, 1950) .
DISCUSSION
The results may be summarized conveniently by Table 9 , which shows that all the lactaphilic acetic acid bacteria examined possess the enzymic equipment for carrying out the reaction sequence of the TCA cycle. In contrast, the glycophilic strains were in general much less well endowed with these enzymes, especially citrate synthase, aconitate hydratase, fumarate hydratase and L-malate dehydrogenases, while isocitrate dehydrogenase activity was not detected in any glycophilic extract. In the glycophiles, only the 2-oxoglutarate and succinate dehydrogenase activities were of a similar order to those found in lactaphiles. As a lactaphile, Acetobader mobile was somewhat exceptional in that, although all the enzymes of the cycle were detected in it, their activities were considerably lower than those of the other lactaphiles and, in two cases, lower than those of glycophiles. A. mobile thus appears to have properties relating it to the glycophiles, as had already been noted from nutritional studies (Rainbow & Mitson, 1958) .
There are previous reports dealing with the TCA cycle in acetic acid bacteria. Thus, its presence was reported by King, Kawasaki & Cheldelin (1956) in Acetobacter pmteurianum, by Rao (1955) in A . aceti and by Stouthamer (1959) in strains of Frateur's (1950) oxydans and mesoxydans groups. All these appear to be 'overoxidizing' (i.e. they oxidize acetate to C 0 2 and water) strains of Acetobacter, which fall into our lactaphilic group. On the other hand, reports on strains of Frateur's ' non-over-oxidizing ' suboxydans group consistently indicate that they lack the P. J. LE B. W~L I A M S AND C. RAINBOW TCA cycle (King & Cheldelin, 1952; Stouthamer, 1959) . The present results tend to bear out these contentions, although it remains possible that members of the suboxydans (glycophilic) group have severely restricted ability to carry out the reactions of the TCA cycle, rather than that they completely lack this ability. I n particular, a more exhaustive search for isocitrate dehydrogenase activity in glycophylic extracts is desirable. The results are also consistent with the view (Rainbow & 
